The importance of large-scale magnetic fields in H I rotation curves of spiral galaxies is investigated. In contrast to other papers that try to render dark matter unnecessary, we assume that galaxies are embedded within a modified isothermal dark halo. The NGC 1560 magnetic field is derived from a simple prescription suggested recently by Sanchez-Salcedo for large luminous spirals. The detailed shape of the observed rotation curve fits reasonably well with a magnetic field strength -1 /-LG. This magnetic fit is as good as that for modified Newtonian dynamics (MOND). We conclude that prominent structure in the rotation curves of dwarf galaxies is compatible with dominant dark haloes.
INTRODUCTION
Low-luminosity galaxies, and in particular dwarf spiral galaxies, are the best candidates on which to carry out research on the nature of the dark matter and the structure of dark haloes. Dwarf galaxies are dominated everywhere by the dark haloes which are welldescribed by the modified isothermal density profile. This fact has lead to the conclusion that dark matter should be baryonic (Moore 1994; Burkert 1995) . On the other hand, these galaxies are often so gas-rich that neutral hydrogen makes the dominant contribution to the potential of the observable mass, removing the uncertainty of the mass-to-light ratio (MIL) of the visible matter. Furthermore, because of the observed low internal accelerations, such systems provide ideal tests for theories of modified Newtonian dynamics, such as MOND (e.g. Lake 1989 ). Although MOND is still not accepted by the community of astronomers and physicists, it is worthwhile to note that MOND rotation curves match the detailed rotation curve better than a dark halo model does, given that the dominant mass haloes dilute the fine structure of the rotation curve. Therefore, it is of prime interest to fit rotation curves as suitable as MOND with standard physics. In this sense, Begeman, Broeils & Sanders (1991) conclude that two-parameter MOND fits (MIL of the visible mass and galactic distance) are as good as three-parameter dark halo models (MIL, the velocity dispersion of the halo and the core size of the halo), and, in particular for NGC 1560, MOND reproduces conspicuous details in the observed rotation curve (see also Sanders 1996) . Broeils (1992a) has shown that for a large sample of galaxies, the best way to match the observed rotation curve is to increase the contribution of the gas to the potential. Therefore, one way to reproduce the detailed rotation curve is to increase the galaxy * E-mail: javier@iaa.es © 1997 RAS distance. This is successful because the observed rotation curve is a scaled version of the rotation curve derived from the H I alone. This feature was first noticed by Bosma (1978 Bosma ( , 1981 for a sample of large spirals. Presently, this relation has been found for many galaxies (e.g. Sanchez-Salcedo 1996, and references therein). However, for NGC 1560, the best-fitting disc-halo model uses a distance of between two and three times the observed distance (Broeils 1992b) .
Another possibility is that dark matter is baryonic and is distributed like the neutral gas in a dissipational process, in contrast to a dissipationless material with high-velocity dispersion forming a spheroidal halo.
In this work we investigate the possibility that the constancy of the H I to dark matter ratio may have a magnetohydrodynamic component. Non-thermal emission has been detected in several dwarf galaxies (e.g. Klein et al. 1983) , indicating the presence of magnetic fields as in other disc galaxies. We claim that the rotation curves of dwarf galaxies can be reproduced, including the largescale magnetic field, as effectively as MOND fits. With the present approach, we quantify the role of large-scale magnetic fields on the rotation curves of interstellar gas. This last point sheds light on the ongoing controversy about the effect of the magnetic field on the large-scale motion of the atomic gas since Battaner et al. (1992) suggested that the magnetic field could be able to explain the flat rotation curves without the existence of any kind of dark matter (see also Battaner & Florido 1995) .
In Section 2 we apply the prescription suggested by SanchezSalcedo (1996) to derive the magnetic stress and the rotation curve for NGC 1560. This model basically uses four parameters (MIL, Pc, rc, 'Y: see below), but we proceed to fit the rotation curve with MIL, Pc and rc at a fixed value and allow 'Y to vary.
We also discuss the astrophysical implications of the model. A summary of the conclusions is given in Section 3. Appendix A is devoted to discussing the magnetic alternative to missing mass with a simple model.
THE ROLE OF THE MAGNETIC FIELD COMPONENT: DARK HALOES AND MAGNETIC FIELDS
2.1 Description of the model Nelson (1988) and Battaner et al. (1992) argued that the tension of an azimuthal magnetic field could alter the rotation curve significantly, rendering dark matter unnecessary. This hypothesis has received strong criticism, mainly based on the fact that strong magnetic fields capable of converting a Keplerian rotation curve into a flat one should produce an unacceptable flaring of the H I outer parts (Cuddeford & Binney 1993 ; see also Appendix A). However, some magnetohydrodynamic effects on the rotation curve cannot be ruled out completely. Recently Sanchez-Salcedo (1996) pointed out, using a schematic model, that the constancy of the H I to dark matter ratio may have a magnetic explanation. The basic idea is that galaxies (embedded in dark haloes) have magnetic fields with a radial distribution following a simple and reasonable law that is a function of the density of H I and of the rotational shear. This is in contrast to the case in which the magnetic field profile is deduced to account for the rotation curves without dark matter.
The magnetic prescription arises as follows. The H I density, per), and the azimuthal component of the field (in the equatorial plane), Bcf>, were broken down into two parts, say the 'background' part and the 'fluctuations'. The radial dependence of the background distribution of the magnetic field is chosen by assuming quasiequipartition between gas pressure, P, and magnetic pressure, PB, i.e. P B = O/P. If we assume that the turbulent velocity dispersion is constant with radius Poo 0
In Section (2.5) we see that the profile poolr2 is a good fit for the gas density in the galaxy NGC 1560. However, the final results do not appreciably depend on n for n = 2, 3.
The 'fluctuation' parts should describe the phenomenon of saturation of the magnetic field growth. The amplification of magnetic fields is limited by the dynamical limit of local gas motion (i.e. non-linearity of dynamo equations), flux expUlsion by buoyancy and by instabilities that arise in the disc. Therefore, the form oB~ is difficult to predict from physical grounds at present. For convenience, Sanchez-Salcedo (1996) proposed doB~
where 'Y is a constant for each galaxy and G(r) is the rotation shear G(r) "" -r(dO/dr), with O(r) the angular velocity given by the mass model. Although this expression for oB~ is ad hoc, it tries to be an effective term invoked to describe the complex phenomenology concerning galactic discs, with only one parameter, 'Y. The aim of this paper is to test the success of this hypothesis. For this purpose, we calculate the magnetic fit to the rotation curve of a dwarf galaxy with remarkable structure in its rotation curve, which is irreproducible with halo fits.
If the magnetic field is taken as azimuthal, in accordance with observations of several galaxies, and we ignore the radial component of the velocity of the gas and the turbulent viscosity, the radial component of the motion equation of gas reads
where <I> is the gravitational potential due to stars, gas and dark matter, and P is the sum of the thermal and turbulent pressure of the gas. Note that the rotation curves for dwarf galaxies are usually corrected for pressure terms according to Skillman et al. (1987) . As we use these rotation curves throughtout the paper, the gas pressure term is taken into account. The model must be applied to intermediate radii where the scaleheight of the disc, h, can be considered constant. On the contrary, in the outer H I disc, h is uncertain due to flaring and therefore a new free parameter can be adjusted to fit the observed rotation curve.
The selected galaxy: NGC 1560
NGC 1560 is a dwarf spiral galaxy which is of interest for several reasons that were fully discussed by Begeman et al. (1991) and Broeils (1992b) . This galaxy satisfied the criteria of selection proposed by Begeman et al. (1991) to confirm that the rotation curve is a good tracer of the radial force, without such complicating effects as non-circular motions of the H I or near neighbours (Begeman et al. 1991; Broeils 1992b ). The gas is smoothly distributed without large-scale asymmetries, and the difference in rotational velocities between the two sides is typically less than 5 km s -I. The inclination is so large (i = 80°) that warps hardly affect the derived rotation curve. The most important feature for us is that NGC 1560 shows fluctuations in the gas surface density and a remarkable structure in the rotation curve over the whole range of galactocentric radii, which is not reproduced in a disc-halo model. In this paper we use the surface density and the rotation curve derived by Broeils (l992b).
The mass distribution
We assume that the halo is spherical, with a density distribution given by the modified isothermal sphere:
where Gr, represents the gravitational constant, V max the asymptotic velocity and rc the core size of the halo.
The breakdown into luminous and halo components is not uniquely defined from the rotation curve. The mass models show that the halo properties are not generally well constrained. We use the maximum disc solution to assign the MIL for the stellar disc, in agreement with some authors (e.g. Freeman 1992).
The rotation curve of the disc components (stellar and gas components) are calculated using the formula given by Casertano (1983) . The corresponding MIL for the maximum disc solution is 4.7, similar to the values inferred for the stellar disc of more luminous spirals.
Once MIL has been determined, the halo parameters (rc, Pc), can be chosen not to match the observed rotation curve but to underestimate it by about a few km s -I at the last measured point. This is due to the fact that for a difference of 10 km S -I the associated field strength would be ~2 f.
LG. Hence, to avoid the problem of the expansion of the disc vertically through the magnetic pressure, we will assume that the magnetic stress is able to produce changes in the rotation curve smaller than 10 km s -I. The values Vmax = III kms-I, rc = 7kpc have been taken, which in ,-
, .
,'. comparison with disc-halo fit values, (Vmax = 170kms-I, rc = lOkpc), produce about 30 per cent less dark mass within 8 kpc. Since our principal concern is to test the effect of magnetic stress on the rotation curve, the values of Pc and rc are fixed hereafter (better fits consider Pc and rc as free parameters). Fig. 1 shows the different contributions to circular velocity. It should be taken into account that the rotational velocity contribution of the total mass (dark + visible) is more or less flat, similar to the more luminous spirals. Therefore, the disc-halo conspiracy is not broken by this dwarf galaxy.
The 'background' density
Poo defines the reference value used to trace the fluctuations of the gas. The idea is that magnetic stress is mainly determined by these fluctuations. Therefore, the results are very sensitive to Poo, except for the flat region. In fact, PO~ is not an adjustable parameter and should be deduced regardless of the shape of the rotation curve. The following criteria have been adopted to estimate Poo. If <f > is the average off, with a ~ 0.1 for gas-dominated galaxies. a measures the fluctuations of the gas. a 2: 0.1 means that pool!' does not fit the surface density (for example the surface gas density is roughly constant for R < 15 kpc in the Milky Way) and, hence, Ro or n must be increased until the condition (7) is satisfied. In the end, only one adjustable parameter, 'Y, exists to fit the rotation curve.
Evaluation of the model
Hydrogen-line observations of edge-on galaxies show a growth of the disc thickness towards the edge, while the thickness of the inner parts can be considered constant. As an example, the equivalent scaleheight ofNGC 891 is as large as -1 kpc at 20-24kpc radius (Sancisi & Allen 1979 ). At r < 8 kpc its thickness is less than 500 pc. For the Milky Way, Burton (1992) inferred a value of 600 pc at 20 kpc from the Galactic Centre. The increasing size of the thickness of the H I layer seems to be typical for spiral galaxies. We approximate the scaleheight ofNGC 1560, h, with a linear increasing function similar to that of the Milky Way:
h=0.150kpc for r<6kpc (8) h = 0.150 kpc + 0.045 (r -6) kpc for r> 6kpc.
As mentioned before, by varying h the rotation curve towards the edge (r> 6kpc) may be well fitted. Therefore, the success of the model resides in a good fit over all radii.
In principle one difficulty with regard to the reference profile of the form poolr 2 is that it diverges when r -+ O. A possible solution to this problem is to soften the profile with a smooth function for the inner galaxy (r ~ 2kpc). The calculation of the magnetic field begins at I kpc using equation (3) with the typical value B60 = 6 j..I.G 2 • Fig. 2 shows the volume density (dotted line) and the reference profile (dashed line) used for the fit and Fig. 3 the fluctuations of the H I gas along the galactocentric distance. For this model a = 0.06.
In Fig. 4 the rotation curve has been plotted, being deduced from the magnetic model with the equation (4). (Note that v~ = v; -~ ¥r). The corresponding magnetic field distribution is shown in Fig. 5 . A slight discrepancy between the predicted and the observed rotation curves shows up around a radius of 3 kpc that coincides with the radius where the asymmetries in the velocity pattern up to 10 km S -1 are present. They may be induced by the existence of spiral arms. The predicted rotation curve matches the observed rotation curve just as suitably as the MOND fit that has the seemingly rather low mass to light ratio =0.52. On the other hand, to reproduce the fine structure using'a disc-halo model, the distance must be multiplied by a factor of 2 (Broeils 1992b) . The magnetic field strength ranges from 0.5 to 2 fLG.1t achieves a value of 1.2 fLG at the last measured point, and presents a dip around 3 kpc. At present, it is unknown whether a field of -1 fLG may exist in the outer disc or not. In any case, by increasing the contribution of the halo, lower values of the magnetic field strength in the outer H I disc are obtained. The important fact is that a good correlation exists between a simply constructed large-scale field and the detailed rotation curve. The best fit can be obtained by varying Poo and the halo parameters but with the constraint that the field must be lower than -1.5 fLG at the edge of the H I disc in order to avoid any problem concerning the z-equilibrium. In Fig. 6 we present the rotation curve for h = 150 pc constant over the whole radius range to check its dependence on the scaleheight.
One is tempted to justify the radial distribution of magnetic field with an amplification theory. In classical dynamo theory, the steadystate field strength is determined basically by a-quenching, which takes into account the back -reaction of the excited magnetic field on the turbulent motions. On the other hand, the bisymmetric spiral structure (BSS) lends support to the primordial origin hypothesis for magnetic fields in spiral galaxies. In numerical simulations it has been shown that after a few rotation periods the field is found only in a narrow region at the edge of the disc (Wielebinski & Krause 1993) . This skin effect resembles, in part, the distribution obtained with our fit. In this case, the magnetic field may be the result of a combined effect: the relic field would be twisted and wound up by the differential rotation, whereas the galactic dynamo would operate at the inner disc. However, any conclusion on this topic seems to be premature at this stage.
CONCLUSIONS
Any possible explanation for the assumption of the law for oB", (equation 3) should be given from the standpoint of the galactic dynamo theory. At present, it is unknown whether the amplification of the field is due to a slow an dynamo (e.g. Ruzmaikin, Shukurov & Sokoloff 1988) , other faster galactic dynamos (e.g. Chiba & Lesch 1994) or other alternative mechanisms of amplification (ZweibeI1993). The success of the magnetic prescription (equation 3) in fitting the rotation curves may contribute to our understanding of the saturation of magnetic field growth in disc galaxies.
In the absence of more detailed understanding, we have studied the effect of such a field in the H I rotation curve. The goal of this paper is to quantify the importance of large-scale magnetic fields in the H I rotation curves. We find out that the rotation curve of the dwarf galaxy NGC 1560 is better fitted than with traditional halo models, which fail to reproduce the conspicuous details in the observed rotation curve (Begeman et al. 1991; Sanders & Begeman 1994; Sanders 1996) . For large luminous spirals with extended flat rotation curves, Sanchez-Salcedo (1996) showed that with the proposed magnetic field profile the total rotation curve would be a scaled up version of the rotation curve of the gas alone. In this paper, we applied the same model to a dwarf galaxy in order to reproduce the more remarkable structure in the rotation curve. In our model these galaxies present such features as a consequence of the fluctuations in the H I surface density. To test the validity of this assumption research should be carried out on a larger sample of spiral galaxies. However, only II galaxies satisfy the criteria that enable us to determine whether H I gas is a good tracer of the radial force or not (Begeman et al. 1991) . A larger sample of galaxies has been pointed out recently by Sanders (1996) . For all the sample galaxies (except perhaps NGC 2841) the total rotation curves follow very well the rotation curve produced by the gas alone. Other lowmass galaxies show the same feature but are in groups (Puche & Carignan 1991) and therefore cannot be considered as an ideal sample for an accurate determination of the radial force.
Apparently, the disc-halo conspiracy breaks down in lowluminosity galaxies and in bright, compact spirals (Casertano & van Gorkom 1990) . The general characteristic of the rotation curves of low-mass galaxies that keep rising up in the external regions is predicted by the model. For NGC 1560, the rotation curve of the total mass is approximately flat. In addition, a BSS magnetic field could be expected because of the existence of differential rotation in the outermost region of the galaxy. For galaxies with a surface gas density decreasing faster than 11?-, a declining curve could be expected.
The MOND capacity to reproduce the fine structure of the rotation curves is a good point in its favour (Begeman et al. 1991; Broeils 1992b ). However, for NGC 1560 the required MIL seems to be rather low in the MOND fit. Furthermore, some authors claim that MOND systematically fails in very low-acceleration systems (Lake 1989; Lo, Sargent & Young 1993; Gerhard 1993 ; but see also Milgrom 1994 Milgrom , 1995 . In this paper we suggest that prominent features in the rotation curves of dwarf galaxies are not in contradiction to the presence of a dominant dark halo with a smooth density distribution around them.
In Appendix A, we claim that dark matter is necessary at galactic scales to reproduce the flat behaviour of rotation curves.
In the last equation we use the dimensionless distance x "" r/ro, and we have assumed that b « a. Furthermore, we ignore the contribution of gas pressure because it is very low in magnitude.
Finally, we can express the magnetic field in the following compact form:
BZ ( where we have assumed Rolro = 2. SinceRo corresponds to the solar distance, we adopt for Bo the observed uniform fieldBo = 2-3 fLG (Vallee 1991) . Equation (A7) provides us with the strength of the magnetic field versus radius. Over the range of radii between 8 and 30kpc, we obtain B(3ro) = 6.55 fLG, B(4ro) = 8.70 fLG, B(5ro) = 9.00 fLG and B(7ro) = 7.60 fLG, for typical values M = 2 X lOll Mo, a Z = 32kpc z , ro = 4kpc and Po = 1.70cm-3 (ve = 225kms-I ). First of all, we find that the field achieves the maximum value at around 20kpc. It is localized at large galactocentric distance contrary to the observations (Vallee 1994) . Besides the problem of flaring in the outer parts discussed by Cuddeford & Binney (1993) , there are no physical arguments from which to justify that the field increases by a factor of 3 between 8 and 16 kpc. So, magnetic support presents difficulties not only in the outer H I disc but also at intermediate distances. Battaner & Florido (1995) find a steady state if vertical escape of gas is invoked. However, for an estimate of the pressure due to gas escape,
Mv
-13 . (  -I -z Pv =--z-5xlO MMoyr )dyncm ,
, 47l'r and a mass-loss rate of 1 Mo yr-I (Cox & Smith 1976) , we obtain that the ratio between Pv, and the magnetic pressure, PB, is PBIPv, -8. Therefore, in this model the gas escape does not alleviate the problem of flaring. Finally, we wish to note that the ratio between magnetic pressure and gas pressure at, for example, 5ro is PBIP -e 5 . This value is forbidden because buoyancy forces would lift the magnetic flux out of the disc.
Our conclusion is that dark matter haloes are needed at galactic scales.
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